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Mixed effects modeling 
Temperature 
A B S T R A C T   
Using growth rings observed in statoliths, the size-at-age relationship was modelled for waved whelk (Buccinum 
undatum) populations within the Mid-Atlantic Bight. A total of 45 sites in the Mid-Atlantic were sampled between 
2016 and 2019 using a scallop dredge, and a subset of the whelk collected were aged (n = 318). Lab-reared 
individuals and back-calculation methods were used to fill missing juvenile observations. The Mid-Atlantic 
Bight population appears to differ in the fit of growth curves, compared to other assessed populations, due to 
a timing difference in hatching. Growth curves for whelk from the Mid-Atlantic Bight show that maturity is 
reached between 4 and 6 years of age. A statolith chronology spanning a 10-year period was developed using a 
mixed-effects modeling approach. The chronology was used to explore the influence of temperature variation on 
growth during ecologically relevant periods. Growth increased with higher annual temperatures however spe-
cific seasonal bottom temperature had varying effects on growth. Increasing bottom temperature during summer, 
the anticipated egg-development and hatching period in this region, resulted in an age-dependent decline in 
growth with a positive effect on younger whelk and a negative effect on older whelk growth. Higher summer 
temperatures provide larger time-windows for growth, facilitating increased growth in early life stages. It ap-
pears that whelk in this region possess sufficient growth plasticity to adapt to warmer conditions throughout the 
year, but increased warming during specific seasons may depress growth in older individuals, potentially 
affecting fitness and population persistence. Understanding these temperature-growth dynamics are critical for 
disentangling the effects of climate change on whelk growth, allowing for population predictions in the future.   
1. Introduction 
To accomplish fisheries management and support fisheries sustain-
ability, data documenting pre-exploitation life-history traits (i.e. 
growth, reproduction) are key to understanding how a population 
operates in the absence of fishing. Despite the importance of pre- 
exploitation data, it is rare that population data is collected prior to 
the commencement of fishing (Jensen et al., 2012). In the Mid-Atlantic 
region of the U.S., the waved or common whelk (Buccinum undatum) 
fishery is in its infancy and the U.S. stock is largely unfished, although 
fishers have begun to explore opportunities to develop the fishery. The 
Mid-Atlantic whelk fishery is not yet managed, and limited life-history 
and stock data have been collected (Borsetti et al., 2018, 2020). Inter-
nationally, fishing for waved whelk has a long tradition dating back 
nearly a century in some regions of the United Kingdom (U.K.). Harvest 
rates have historically remained low in these fisheries, but are now 
rapidly increasing, more than doubling in some areas over five years 
(FAO, 2017). In 2018, waved whelk was the fifth most important 
shellfish species in the U.K., with landings of 17,900 t valued at £21.9 
million (MMO, 2019). As interest for this species continues to rise 
domestically and internationally, it is crucial to collect baseline data to 
fully understand the spatial variability of the populations prior to heavy 
exploitation. It is clear, from declines observed in other whelk fisheries, 
that lack of regionally specific parameters or management practice 
result in a mix of overfishing and poor regulations (Fahy et al, 1995, 
2000, 2006). 
The ability to model a stock’s dynamic is the foundation for all 
fisheries management (Hilborn and Walters, 1992). Understanding 
species population dynamics can be useful in predicting factors affecting 
changes in these groups. Age studies which assist in understanding local 
life history traits, such as age, growth, and longevity, are fundamental 
for understanding characteristics of population dynamics and species 
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biology (Begg et al., 1999; Rodhouse and Hatfield, 1990). B. undatum 
demonstrate geographical variation in size and growth over short dis-
tances (Borsetti et al., 2018; Hollyman et al., 2018b; Kenchington and 
Glass, 1998; Magnúsdóttir, 2010; Magnúsdóttir et al., 2019; Mariani 
et al., 2012; Thomas and Himmelman, 1988). Therefore, size-at-age 
estimates derived from geographically distinct whelk populations will 
not provide reliable global estimates for the purpose of stock assessment 
in other populations, rather regionally-specific parameters are needed 
for each exploited and managed population. Due to the lack of growth 
lines in the shell of this species (Hollyman et al., 2020) and clarity issues 
in determining growth rings in its operculum (Hollyman et al., 2018b; 
Kideys, 1996), neither method provides an accurate visual estimate of 
age. The use of statoliths, calcareous structures (<300 μm) which are 
contained within the nervous system and are integral to gravitational 
orientation, have been proven to be the most reliable method to assess 
age and growth of several gastropod species, such as B. undatum (Hol-
lyman 2017; Hollyman et al., 2018b), Polinices pulchellus (Richardson 
et al., 2005), and Nassarius reticulatus, (Chatzinikolaou and Richardson 
2007). The annual periodicity of statolith growth rings in B. undatum has 
been previously validated using laboratory reared individuals (Holly-
man et al., 2018c) and by direct chemical analysis (Hollyman et al., 
2019) whereas previous methods that employ the operculum rings as 
ageing tool have not been validated (Hollyman et al., 2018b). Therefore, 
using statolith rings is the most suitable method for ageing B. undatum, 
providing increased accuracy, precision, and reliability compared to 
other age determination methods (Hollyman, 2017; Hollyman et al., 
2018b, 2018c). 
Understanding the impact of a changing climate on species growth 
can be hampered by the lack of long-term data needed to understand 
temperature effects on growth in natural environments (Morrongiello 
et al., 2012). For many species, growth responses to various tempera-
tures are unknown. A sclerochronological approach using widths of 
periodically deposited increments in animals’ calcified structures 
(shells, bones, teeth, scales, and otoliths) to generate records of growth 
deviations through time which can be related to environmental records, 
can overcome the lack of longer-term monitoring (Barrow et al., 2018; 
Cailliet and Goldman, 2004; Izzo and Gillanders, 2020; Matta et al., 
2020; Morrongiello et al., 2015; Wittman et al., 2016). Statolith scle-
rochronology, combined with mixed-effects modeling, can provide a 
powerful approach for understanding how past climate variation has 
affected whelk growth and assist in forecasting how future annual and 
seasonal warming could affect the population. 
Buccinum undatum is a boreal species that experiences a large range 
of temperatures across its geographical range (0–22 ◦C; Smith et al., 
2013) and warming bottom waters of the Mid-Atlantic could cause 
mortality and shifts in this range if temperatures warm sufficiently. The 
Northeast U.S. Shelf (NE Shelf) inhabited by B. undatum has undergone 
enhanced warming – nearly three times faster than the global average 
(Saba et al., 2016). The NE Shelf has warmed significantly across long- 
and short-term periods with warming trends increasing from an average 
rate of 0.24 ◦C per decade (1968–2018) to 0.95 ◦C per decade 
(2004–2018) (Friedland et al., 2020). The Atlantic continental shelf 
region is characterized by its unique oceanographic conditions including 
intense stratification in which a strong seasonal thermocline overlies a 
cold pool of bottom water (typically less than 10 ◦C). Surface water 
temperatures rise in response to surface heating while deeper waters are 
influenced by cold waters from the north (Castelao et al., 2008). The 
cold pool develops in the spring of each year, reaches peak volume in 
early summer, and is eroded in early fall of each year (Chen et al., 2018). 
Due to this seasonally persistent band of cold bottom water in the MAB, 
large fluctuations in seasonal temperature and warming trends may 
have impacts on boreal species already at their southern range limit. 
Studies have further shown that invertebrate communities of the NE 
Shelf are vulnerable to the impacts of climate change. Particularly sen-
sitive are animals like the waved whelk that are less mobile, dependent 
upon calcium carbonate shells, and associated with specific habitats 
(Gaichas et al., 2014; Hare et al., 2016). Understanding how B. undatum 
can adapt will aid in answering ecological questions about this species’ 
ability to adjust to climate change. 
Using an established ageing technique (Hollyman et al., 2018b, 
2018c), this study calculates a sex-specific age-length relationship of 
B. undatum in the southern Mid-Atlantic Bight (MAB), the southern-most 
distributional range of waved whelk range in the northern Atlantic. This 
unexploited population of waved whelk in the U.S. represents a unique 
opportunity to collect population baseline data prior to fishery exploi-
tation. Baseline growth data from this unfished population provides an 
opportunity to explore growth parameters across gradients of fishing 
effort. To our knowledge, this is the first study to use statolith chro-
nologies to assess growth deviations in whelk to bottom temperature 
using a mixed-effects modeling approach. We examine the impact of 
past environmental variation on different life stages of waved whelk as a 
means of assessing how changes in annual and seasonal bottom tem-
perature have affected growth. 
2. Methods 
2.1. Biological samples 
Whelk samples in the MAB were acquired through multiple fishery 
sampling cruises offshore of New Jersey during 2016–2019, coordinated 
by the Virginia Institute of Marine Sciences (VIMS) and Rutgers Uni-
versity (Fig. 1). These surveys target Atlantic sea scallops (Placopecten 
magellanicus), although waved whelk is also incidentally caught. Borsetti 
et al. (2018) showed that whelk and sea scallops commonly co-occur 
throughout this region. At each sampling station (n = 45), whelk were 
collected using a scallop dredge (Roman and Rudders, 2019) and were 
retained and frozen for subsequent analysis. A random subset, repre-
sentative of all sampled sizes, were used to examine growth (n = 318). 
Fig. 1. Map of the MAB region, showing location of the 45 sites sampled from 
2016 to 2019. Locations of each dredge sampling station shown with 
grey circles. 
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2.2. Statolith sampling and ageing 
Whelk were thawed prior to processing. Each specimen was extrac-
ted following methods detailed in Borsetti et al. (2018). After the body of 
each whelk was removed from its shell and sexed, the digestive gland 
and viscera were discarded and the foot re-frozen in a labeled bag until 
required for statolith growth ring analysis. Total shell length (TSL) of 
each whelk was measured to the nearest 0.01 mm, using digital calipers. 
Removal and processing of one statolith per individual whelk was 
performed according to the procedure described by Hollyman (2017). 
Statoliths were mounted on a microscope slide using Crystalbond™ 509 
thermoplastic resin, imaged using a compound microscope (Olympus 
CX23) at 100X magnification, and photographed using a Celestron HD 
digital microscope camera. Statoliths were assessed for quality and 
clarity of rings according to the rankings described by Hollyman et al. 
(2018b) and only highest ranked specimens (rank 3 or 4) were used for 
subsequent analysis. Statolith images were interpreted using image 
analysis software (ImageJ v1.52, Ferreira and Rasband 2012). The 
number of rings in each statolith were counted and the diameter of the 
hatching ring and subsequent growth rings were measured (Fig. S1). 
Statolith growth bands were counted blindly, without knowledge of the 
size or sex of the individual from which the statolith was extracted. 
Increment width was calculated using ring diameters as the difference 
between the diameter of the ring less the previous diameter starting at 
the hatching ring. 
All ages and ring measurements were made by a single reader. To 
examine precision in age estimates, a subset of 50 statoliths were 
randomly chosen to be re-aged. The reader had no knowledge of prior 
age estimates, TSL, or sex. The ‘FSA’ package (Ogle, 2019) in RStudio 
version 1.1.435 (R Core Team, 2014) was used to calculate the average 
coefficient of variation (ACV) and the percent agreement to test for bias 
in the original age estimates by creating an age-bias plot (Campana, 
2001). Because the re-age occurred after the reader had the experience 
of ageing the whole dataset, estimates from the re-age were treated as 
reference age (Ogle, 2016). 
Annual rings are deposited when temperatures are at their annual 
minimum (Hollyman, 2017); therefore, March was nominated as the 
month rings were deposited in individuals from this region (Narváez 
et al., 2015). Growth year was determined by aligning the calendar year 
of growth to correspond with appropriate age of life for whelk alive 
during that year. Increments were assigned to a year by back calculating 
from the date of capture. The first increment, the hatching ring, was not 
assigned a year as larval development can last between 10 weeks and 9 
months (Kideys et al., 1993; Martel et al., 1986; Smith and Thatje, 2013) 
and do not comprise a complete year of growth. The growth year was 
used to link whelk growth and climate data. 
2.3. Calculation of missing size classes 
A lack of juveniles within samples tends to result in a poor fit of a 
growth model (Emmerson et al., 2020; Hollyman et al., 2018b; Shel-
merdine et al., 2007). The samples in this study were collected using a 
scallop dredge, which is size-selective in collection of scallops (Roman 
and Rudders, 2019), and thus likely inefficient at capturing small whelk 
(Borsetti et al., 2018). Due to the absence of small juveniles (<20 mm) in 
our samples, it was difficult to identify the lower age and size estimates 
for the age-length curve. Forcing the growth curve through zero is not 
appropriate because this species hatches from its egg capsule as a fully 
formed juvenile resulting in a variable size at hatching depending on a 
range of factors (i.e. spawner and capsule size) (Nasution et al., 2010; 
Hollyman et al., 2018a). 
To fill this gap of unknown shell lengths for newly hatched and ju-
veniles, a power-trend line, as calculated by Hollyman (2017), was used 
to back-calculate TSL from observed statolith diameters. Missing size 
classes were accounted for using back-calculation techniques for ages 
0 and 1, in addition to length measurements made on 
laboratory-hatched juveniles from field-collected egg capsules (Holly-
man et al., 2018b). TSL measurements of laboratory-reared juveniles 
were taken upon the day of hatching, 1-week, 2- and 4-months 
post-hatching. 
2.4. Growth modeling 
2.4.1. Growth curve estimation and model selection 
Growth of B.undatum in the MAB was described using two candidate 
models namely the von Bertalanffy (1938) and the Gompertz (1825) 
applied to the length-at-age data, including back-calculated and 
laboratory-reared juveniles. 
The von Bertalanffy growth model was fit using the equation: 
Lt =L∞
(
1 − e− k(t− t0)
)
Where Lt is the total shell length at age t (mm), L∞ is the theoretical 
asymptotic maximum length (mm), k is the growth coefficient (year− 1), 
and t0 is the theoretical age (years) at which length is zero. 
The Gompertz growth model is sigmoidal in shape and typically 
performs well for species characterized by slow growth early in life 
(Griffiths et al., 2010). The Gompertz growth model was fit using the 
equation: 
Lt = L∞e− e
− gi(t− ti)
where gi is the instantaneous growth rate at the inflection point and tiis 
the age (years) at the inflection point. 
The candidate models were fit using the ‘FSA’ package (Ogle, 2019) 
in RStudio version 1.1.435 (R Core Team, 2014), and the 95% confi-
dence intervals of the parameters were estimated using bootstrap 
resampling (1,000 iterations). 
The performance of the growth models was compared by using the 
corrected Akaike Information Criterion (AICc), calculating the deter-
mination coefficient (R2), and the mean square residual error (MSRe). 
Model selection was performed using AICc, via the ‘AICmodavg’ pack-
age (Mazerolle, 2015), to identify the best-fit model separately for 
males, females, and both sexes combined (which included unsexed 
laboratory hatched individuals). Models were ranked based on the AICc 
values and whichever had the lowest value was identified as the best fit. 
AICc difference (ΔAICc) was calculated for each candidate to assess the 
relative support for each model. Models with ΔAICc values less than 2 
are strongly supported, between 2 and 10 have moderate support, and 
greater than 10 have minimal to no support (Burnham and Anderson, 
2002). A likelihood ratio test was performed for the best fitting growth 
model to determine if sexes should be modelled separately or together 
(Kimura, 1980). 
2.4.2. Meta-analysis of B. undatum growth parameters 
Primary literature wherein studies estimated Gompertz growth co-
efficients using statolith ages were assembled. From these reports, L∞, 
gi, Age at maturity, size at sexual maturity, and study location were 
compiled and used to explore preliminary trends among these growth 
parameters. 
The Gompertz growth parameters from this present study and size at 
maturity (L50) estimates from Borsetti et al. (2020) were compared to 
two studies in the U.K. (Emmerson et al., 2020; Hollyman, 2017). 
Pearson’s correlation coefficient was used to examine the pairwise 
comparisons between various growth coefficients. 
2.5. Biochronology modeling 
To analyze the statolith growth-increment data, mixed-effect models 
were used due to their ability to account for the hierarchical nature of 
growth data, which consists of repeated measures within individuals and 
multiple individuals’ samples from different years (Weisberg et al., 
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2010). A series of mixed-effects models that use a two-step procedure 
(Morrongiello et al., 2015) were developed to examine intrinsic and 
extrinsic drivers of whelk growth using statolith rings (in μm). Analyses 
were performed in R using packages lme4 (Bates et al., 2015), AICc-
modavg (Mazerolle, 2015), and effects (Fox, 2003). Statolith increment 
widths, age, and age-at-capture (AAC) were log-transformed to meet 
model assumptions and all intrinsic and extrinsic variables were 
mean-centered to assist model convergence and random slope inter-
pretation (Morrongiello et al, 2012, 2015). AAC was included to account 
for potential age sampling bias in the dataset (Morrongiello et al., 2015) 
2.5.1. Intrinsic predictors 
First, the optimal random model with fixed intrinsic predictors 
(within-individual) (including age, sex, and AAC) was determined 
(Morrongiello et al., 2012). Random effects structures contained random 
intercepts for individual whelk ID and year in combination with random 
slopes for age (Table S1). Both the individual whelk ID and year sampled 
were introduced as random intercepts, allowing for individual-specific 
or year-specific differences in growth (Morrongiello et al., 2015). 
Random age slope for individual whelk ID and year were included to allow 
for individual whelk differences in the growth-age relationship, and 
year-dependent differences in age-specific growth. The random effect 
structures were fit with restricted maximum likelihood (REML) and then 
compared with the Akaike information criterion corrected (AICc) for 
small sample sizes (Burnham and Anderson, 2002). 
The model that best supported the data was then used to optimize the 
fixed effect structure using maximum likelihood (ML). The most parsi-
monious model based on the AICc, with the optimal random and fixed 
structures, was refit using REML to obtain unbiased parameter estimates 
(Zuur et al., 2009). For each model, conditional R2 (the proportion of 
variance explained by the fixed and random effects) were calculated 
(Nakagawa and Schielzeth, 2013). The growth chronology was devel-
oped by extracting random year effects from the model which contained 
the optimal random and fixed effects structure. These random year ef-
fects represent the mean inter-annual deviations in population growth 
which centers around an overall chronology mean of zero. 
2.5.2. Extrinsic predictors 
The optimal annual growth model determined above was extended 
to relate patterns of inter-annual growth variation (increment width in 
μm) to changes in fixed extrinsic factors such as bottom temperature. 
The influence of bottom temperature on whelk growth was assessed by 
relating temperature over five ecologically relevant periods: a. Annual 
growth cycle (January–December); and four seasons including b. Winter 
(December–February), coinciding with the breeding season (Borsetti 
et al., 2020); c. Spring (March–May), coinciding with the egg-laying 
period (Borsetti et al., 2020); d. Summer (June–August), coinciding 
with anticipated egg-development and hatching period; e. Fall (Sep-
tember–November) coinciding with anticipated hatching season. A 
10-year (2009–2018) time series of daily average bottom temperatures 
(Fig. S2) were obtained for model grids coincident with the sample sites 
from “DOPPIO”, a data-assimilative Regional Ocean Modeling System 
(ROMS) ocean circulation model (Levin et al., 2019; Wilkin et al., 2018). 
Daily bottom temperature data were averaged over the five ecological 
time periods before inclusion in the optimal model. 
To test the potential influence of each ecologically relevant period on 
statolith growth, individual periods were included in the optimal model 
as additional fixed effects. A series of models were fit with different 
combinations of yearly and seasonal bottom temperatures and their 
interactions with age. These added interaction terms allowed for age- 
dependent growth responses to temperature. Seasonal bottom temper-
atures which were highly correlated (Pearson coefficient p < 0.05) were 
not simultaneously included in the model. The conditional R2 for each 
model was calculated and the optimal model, based on AICc, was fit with 
REML for unbiased parameter estimates (Nakagawa and Schielzeth, 
2013; Zuur et al., 2009). If the difference between the subsequent 
ranked model’s AICc value and that of the best model was less than 2, 
then those models were selected (Burnham and Anderson, 2002), 
inferring that temperature drivers in those selected models influence 
whelk growth (Izzo et al., 2016). 
3. Results 
3.1. Biological samples 
Statoliths were collected from 318 B. undatum consisting of 163 fe-
males (21.9–87.0 mm TSL) and 111 males (34.1–80.0 mm TSL) ranging 
from 1–8 and 2–8 years old respectively. A total of 44 statoliths had a 
poor clarity rating (1 or 2) and were not included in subsequent analysis. 
Minimum – maximum and mean statolith diameter were 193–341 μm 
and 253.7 ± 27.6 μm respectively. 
3.2. Statolith sampling and ageing 
The ACV score for the reassessment of 50 randomly selected stato-
liths was 2.9%, and thus within acceptable bounds (i.e. ACV<5%) which 
indicates a reliable age estimation structure. The percent agreement 
between both ages was 80%. There was no systematic bias across the 
entire age range between the two reads (Bowker’s test of symmetry: df 
= 5, χ2 = 10.0, p = 0.08). 
3.3. Calculation of missing size classes 
A total of 50 juvenile shell lengths were back-calculated using model- 
based methods. These back-calculated sizes included 24 females 
(1.35–24.4 mm TSL) and 26 males (2.24–26.9 mm TSL). In addition, 233 
laboratory-hatched juveniles were measured, with sizes ranging from 
1.3 – 5.6 mm TSL. Sex of the laboratory-hatched juveniles was indis-
tinguishable and therefore these individuals’ sizes could not be used in 
sexually specific growth curves. 
3.4. Growth modeling 
3.4.1. Growth curve estimation and model selection 
Both candidate growth models were successfully fit to age-at-length 
data which included back-calculated sizes and laboratory-hatched ju-
veniles from the Mid-Atlantic population. The VBGF had the lowest 
AICc, R2, and MSRe values, which suggests it provides a better fit for all 
curves tested (Table 1). Growth curves for males and females (Fig. 2) did 
not differ significantly (VBGF likelihood ratio test: df = 3, χ2 = 4.45, p =
0.22). However, larger L∞ and t0 were recorded for females, whereas the 
growth coefficient (k) was higher for males (Table 2). A pronounced 
asymptote was not observed in the VBGF for either sex, and the 
asymptotic lengths were greater than the largest individual observed in 
both males and females (L∞- Male: 87.6; Female: 104.3). 
3.4.2. Meta-analysis of B. undatum growth parameters 
There was a positive trend and significant correlation between 
location and the mean asymptotic length (L∞, mm) for U.K. populations 
(r = 0.75; p = 0.008) and the inclusion of U.S. whelk population resulted 
in an insignificant relationship (Fig. 3a). For all populations, a strong 
negative relationship exists between L∞ and instantaneous growth rate 
(gi) (r = − 0.75; p = 0.005), however, this correlation between these two 
growth parameters increases with the removal of the U.S. data (r =
− 0.85; p = 0.0008) (Fig. 3b). Growth curves for whelk from the Mid- 
Atlantic Bight show that maturity is reached between 4 and 6 years of 
age, depending on sex. Age-at-maturity ranges from 3 to 5 years for 
exploited U.K. whelk populations (Fig. 3c). There appears to be a trend 
between the size and age of maturity for the exploited U.K. populations 
that the unexploited U.S. population deviates from. 
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3.5. Biochronology modeling 
3.5.1. Intrinsic sources of growth variation and random factors 
Statolith ring increments were measured on 316 whelk, resulting in 
1145 increments in total. Statolith diameter was significantly correlated 
to TSL for both sexes (Fig. S3) confirming that these hard structures are 
suitable proxies of somatic growth of B. undatum in this region. 
The best random effect structure for average individual growth was 
the most complex and included random age slopes for year and individual 
whelk ID (Table S1), indicating that the growth:age relationship varied 
among individuals, and the growth:year relationship varied among 
years. Using this random effect structure, the best intrinsic fixed effect 
model includes age and AAC (Table S2). Age was the best predictor of 
growth and its fixed effect explained a large portion of the variance in 
the growth increment dataset with increment width declining with 
increasing age (Fig. 4). Inclusion of the AAC term in the model indicates 
that there is evidence for biases in age-selectivity in the sample. Indi-
vidual growth was negatively related to AAC and declined with age. 
B. undatum displayed annual variation in growth over the sampling 
period with the lowest growth in 2011 and highest growth in 2018 
(Fig. 5). The average AAC of whelk was 4.8 years old and the increased 
uncertainty in growth estimates from 2009 through 2013 is related to 
the smaller sample size of older individuals in this dataset. 
3.5.2. Extrinsic source of growth variation: temperature 
Between 2009 and 2018, bottom water temperatures spanned a 
range of 19.3 ◦C (2.6–21.9 ◦C; Fig. S2). The inclusion of bottom tem-
perature improved the optimal model. Average bottom temperature was 
Table 1 
n is the sample size, AICC is the small-sample bias adjusted form of Akaike’s Information Criteria, Δ is the difference in AICC values between models, Determination 
coefficient (R2), mean square residual error (MSRe), L∞ is asymptotic length parameter in mm, t0 is the theoretical age (years) at which length is zero, k is the growth 
rate parameter in yr-1 for the VBGF, gi is the instantaneous growth rate at the inflection point and tiis the age (years) at the inflection point for the Gompertz model.  
Sex Model n AICc ΔAIC R2 MSRe L∞ t0 k gi ti 
Sexes combined VBGF 559 3292.9  0.969 4.57 94.4 − 0.009 0.20 – – 
Gompertz 559 3347.9 55.0 0.966 4.79 72.3 – – 0.59 1.92 
Male VBGF 135 844.9  0.931 5.37 87.6 − 0.17 0.22 – – 
Gompertz 135 857.3 12.4 0.925 5.62 71.5 – – 0.55 1.66 
Female VBGF 191 1228.8  0.903 5.91 104.0 − 0.18 0.16 – – 
Gompertz 191 1240.2 11.4 0.897 6.09 79.2 – – 0.44 2.01  
Fig. 2. Length-at-age of Buccinum undatum for males (dark grey) and females (light grey) using observed and back-calculated data with VBGF estimates and 
associated 95% confidence intervals. Size at first maturity for males (dark grey) and females (light grey) from the region have been overlaid (Borsetti et al., 2020). 
Table 2 
Parameter estimates for both the von Bertalanffy (VBGF) and Gompertz growth 
function for all individuals (including laboratory-hatched juveniles; n = 233), 
males, and females. Parameters include - L∞ is asymptotic length parameter in 
mm, t0 is the theoretical age (years) at which length is zero, k is the growth rate 
parameter in yr− 1 for the VBGF, gi is the instantaneous growth rate at the in-
flection point and tiis the age (years) at the inflection point for the Gompertz 
model. 95% upper and lower confidence intervals included.  
Sex Model Parameters Estimates 95% LCI 95% UCI 
Sexes combined VBGF L∞ 94.43 88.8 100.07 
k 0.20 0.18 0.22 
t0 − 0.009 − 0.04 0.03 
Gompertz L∞ 72.29 70.53 74.06 
gi 0.59 0.56 0.62 
ti 1.92 1.85 2.00 
Male VBGF L∞ 87.59 77.91 97.27 
k 0.22 0.18 0.27 
t0 − 0.17 − 0.31 − 0.03 
Gompertz L∞ 71.55 67.66 75.44 
gi 0.55 0.48 0.63 
ti 1.66 1.49 1.83 
Female VBGF L∞ 104.03 89.77 118.30 
k 0.16 0.12 0.20 
t0 − 0.18 − 0.37 − 0.01 
Gompertz L∞ 79.23 74.36 84.10 
gi 0.44 0.38 0.50 
ti 2.01 1.83 2.19  
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the best explanatory bottom temperature covariate (Table 3). Increasing 
bottom temperature throughout the year had a positive effect on growth 
(Fig. 6a) 
However, when certain seasonal bottom temperatures were added to 
the optimal model they were also supported (ΔAICc<2; Table S3). In-
clusion of the interaction between whelk age and summer bottom 
temperatures resulted in an age-dependent growth response to temper-
ature where the positive impact of warmer summers on growth became 
negligible around age 5. Beyond these intermediate ages, warming 
summer bottom temperatures had a negative impact on growth (Fig. 6b; 
Table S4). When examining statolith incremental growth across the 
range of summer bottom temperatures, year 1 statoliths increased by 
14.37 μm, whereas year 8 statoliths decreased by 0.73 μm (Fig. 6b). 
There was also support for models which included spring bottom tem-
perature (rising temperatures having a positive effect on growth) and 
winter (rising temperatures having a negative effect on growth) 
(ΔAICc<2; Table S3). 
Fig. 3. Comparison of Gompertz growth coefficients from populations assessed using statolith obtained from published literature [U.K., grey (Hollyman 2017; 
Hollyman et al., 2018b; Emmerson et al., 2020); U.S., white (this study; Borsetti et al., 2020)] A. Trend in mean asymptotic length (L∞, mm) by latitude. Error bars 
represent standard errors. If exact latitudes not available, approximate location based on study details. B. Trend in instantaneous growth rate (gi) by mean asymptotic 
length (L∞, mm). Error bars represent standard errors. C. Trend in size of maturity with 95% confidence intervals and approximate age-at-maturity. 
Fig. 4. Boxplot displaying the incremental growth for each statolith ring 
grouped by age of the whelk. Rings include hatching ring (HR) each subsequent 
ring is labeled chronologically (i.e. R1; first ring after HR). The central line in 
each boxplot indicates the median value. Top and bottom edges of the box 
indicate the 25th and 75th percentile, the whiskers extend 1.5 times the 
interquartile range beyond the edge of the box. Points above and below the 
whiskers indicate outliers. 
Fig. 5. Variation in predicted annual growth accounting for intrinsic effects of 
waved whelk, represented by year random effect. Standard errors are shown as 
grey band. 
Table 3 
Parameter estimates (with SE), 95% confidence intervals and test statistic (t) 
from the best-fit model of waved whelk (Buccinum undatum) annual growth.  
Parameter Estimate SE 95% LCI 95% UCI t 
Intrinsic factors 
Intercept 3.54 0.01 3.52 3.56 322.61 
Age-at-capture - 0.15 0.03 - 0.21 - 0.09 - 4.56 
Age - 0.68 0.05 - 0.78 - 0.58 - 13.67 
Extrinsic factor 
Average BT 0.05 0.02 0.02 0.09 2.87  
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4. Discussion 
Using a combination of established methods, an age-at-length rela-
tionship was created for the unfished waved whelk population in the 
Mid-Atlantic Bight. Growth curve parameters of B. undatum varied be-
tween males and females. Sexual dimorphism is similarly observed in 
size of sexual maturity (L50) and length frequencies, with females having 
a larger L50 and median length than males in three regions in the U.S. 
(Borsetti et al, 2018, 2020). Other assessed populations observed males 
with larger L∞ values than females; however, these populations expe-
rience much higher fishing pressure (i.e. Hollyman 2017; Hollyman 
et al., 2018b). Long-standing fishing pressure experienced in other 
populations, such as the U.K., may have selectively removed larger fe-
males resulting in a shift in L∞ towards smaller females. However, if 
large, old individuals were underrepresented in these samples this could 
result in an underestimation of L∞ (Taylor et al., 2005). 
In this study, the VBGF performed better than the Gompertz growth 
curve when fitting size-at-age. However, Hollyman et al. (2018b) found 
that the Gompertz growth equation fitted much better to data from study 
sites in the U.K. Additionally, based on these findings, Emmerson et al. 
(2020) also used the Gompertz growth equation to model whelk growth 
in the Irish Sea. The Gompertz growth equation has been used to model 
growth in several other marine gastropods which exhibit sigmoidal or 
slow initial growth (see examples in Hollyman et al., 2018b). On the 
opposite, the VBGF reflects rapid initial growth followed by gradually 
slower growth rates as individuals get larger. Past studies have modelled 
B. undatum growth with the VBGF (i.e. Hancock 1963; Santarelli and 
Gros 1985; Fahy et al., 1995; Kideys 1996; Shelmerdine et al., 2007; 
Heude-Berthelin et al., 2011; Lawler 2014). It was hypothesized that 
these studies, which lacked data on juveniles, made it difficult to 
adequately fit the lower end of the sigmoid Gompertz growth curve 
(Hollyman, 2017; Hollyman et al., 2018b). 
A possible explanation for the variation in performance of the models 
could be linked to distinct variability in life history strategies due to 
environmental differences experienced by the U.S. and U.K. populations 
of B. undatum. This species is a cold-water spawner and at the southern 
ends of its distributional range, development predominantly occurs 
when water temperatures are at their coolest (Smith and Thatje, 2013). 
Whelk in the MAB likely lay their eggs in the spring and early summer, 
when temperatures are at their minimum (~7–8 ◦C), hatching in late 
summer and fall when bottom temperatures are increasing eventually 
reaching their annual maximum around November (Borsetti et al., 
2020). Juvenile whelk are exposed to warming water, which encourages 
rapid early growth, and are not subjected to cooling temperatures which 
may slow growth for approximately 5–6 months post-hatching. Pop-
ulations in the U.K. deposit eggs during autumn and winter months, after 
bottom temperature maxima as water temperatures drop (~4–10 ◦C) 
(Smith et al., 2013), hatching around January – approximately 2 months 
prior to minimum annual temperatures (Hollyman, 2017). This short-
ened window of warm bottom water could result in depressed early 
growth, resulting in a sigmoidal growth curve. Hollyman (2017) hy-
pothesized that the slow initial growth was likely linked to time of 
Fig. 6. Predicted differences in statolith growth by age (year) of waved whelk and associated 95% confidence intervals under different average bottom temperatures 
(C). A. Predicted statolith growth in increasing average bottom temperature over the year (January–December) B. Predicted statolith growth in increasing average 
summer bottom temperature (June–August). 
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hatching corresponding to coldest seawater temperatures during the 
annual seasonal cycle in the Menai Strait. Laptikhovsky (2014) sug-
gested that the difference in reproductive timing between the north-
eastern Atlantic (France to Iceland) and the northwest Atlantic (Gulf of 
St. Lawrence) was due to differences in predation pressure, with winter 
hatching in Canadian populations occurring when there is reduced 
pressure from a major predator of the waved whelk, the starfish Lep-
tasterias polaris, which is absent in European waters. 
The overall trend of earlier age-at-maturity estimates observed in the 
exploited U.K. population compared to the unexploited U.S. populations 
could be due to fishing pressure. Exploitation of late-maturing pop-
ulations can induce shifts towards smaller maturation sizes and younger 
ages, which may depress stock productivity (i.e. Law and Grey 1989; 
Rowell 1992; Roff 2002; Gårdmark et al., 2003; Ernande et al., 2004). 
Fishing, specifically size-selective exploitation for larger individuals, 
can result in uneven pressure on mature individuals in targeted pop-
ulations which in turn can select for accelerated life histories, such as 
earlier maturation (Baulier et al., 2006; Dunlop et al., 2009). It is well 
established that the minimum conservation reference size (45 mm TSL) 
adopted in most European countries is inadequately protecting pop-
ulations with L50 that exceeds this landing restriction, as it allows for 
fishers to target immature animals (Fahy et al., 2000; Heude-Berthelin 
et al., 2011; Shelmerdine et al., 2007). Fisheries-induced changes in life 
history traits, such as maturation, appear to be slow to reverse when 
fishing pressure decreases, which could be potentially due to reduced 
genetic variation in exploited populations (Pinsky and Palumbi, 2013). 
Further work should be done to directly examine the impact of different 
levels of exploitation in these populations now that growth parameters 
are available from an unexploited stock. 
Age of the individuals explained a substantial amount of the variation 
in annual growth and reflects the commonly observed pattern of decline 
in age-dependent growth. The significance of individual whelk ID and 
year term indicates high interindividual and interannual variation in 
growth and differences in increment:age and increment:year relation-
ship among whelks. The importance of the AAC as an explanatory 
growth term can indicate the presence of age-bias in the sample data 
(Morrongiello et al., 2015), though the magnitude of this effect was low. 
Samples were predominantly medium-sized individuals, with very large 
old adults and small juveniles (<20 mm) less well represented in this 
dataset (Borsetti et al, 2018, 2020), slightly hampering the ability to 
examine growth phenotypes at both extremes (Morrongiello et al., 
2012). Regardless, this study demonstrated that a sclerochronological 
approach provides insight into whelk growth at all life stages without 
the need for tagging experiments, difficult in the natural environment, 
and unrealistic under laboratory conditions. 
Results herein demonstrate that whelk growth fluctuates through 
time, with higher annual bottom temperatures having a positive effect 
on whelk of all ages. Initial increases in temperature can be beneficial for 
some species allowing for improved energy and therefore increased 
growth (Takasuka and Aoki, 2006). However, temperatures exceeding 
the species-specific thermal optimum can be deleterious to growth 
(Wang and Overgaard, 2007). Whelk in this region display plasticity in 
their ability to cope with a broad range of temperatures. With bottom 
temperatures expected to continue to rise, it is unknown if growth will 
continue to be positively impacted due to increasing bottom tempera-
ture. There has been an observed warming in the Northwest Atlantic 
(NWA) Ocean (Collins et al., 2013) and recently these trends have been 
revisited suggesting that warming over the NWA continental shelf may 
be greater and faster than those previously projected (Saba et al., 2016). 
Warming on a scale of 3–4 ◦C has been shown to cause extreme impacts 
on the ecosystem, especially on commercially important fisheries (Jossi 
and Benway, 2003; Narváez et al., 2015). 
Seasonally, increasing summer temperatures have an age-dependent 
impact with warming temperatures positively impacting young whelk 
and negatively impacting older whelk growth. Similarly, Emmerson 
et al. (2020) found that warmer bottom temperature, which may limit 
potential maximum size of whelk, can accelerate the growth rate during 
early life-stages. This may be due to the trade-off between growth and 
reproduction for mature whelk, resulting in a decrease in the duration of 
the growing season with age (Lankford et al., 2001; Stearns, 1992). 
Further relationships were found between growth and seasonal tem-
perature variations, the positive effect of increased bottom temperature 
in spring and summer could be responsible for the extended growing 
season in years with warm bottom water. Higher summer temperatures 
provide larger time-windows for growth, facilitating increased growth 
in early life stages supporting the difference in fit of growth curves be-
tween the Mid-Atlantic populations and those assessed in the U.K. 
Temperatures in all seasons fall within the theoretical optimum tem-
perature range (approximately 8–18 ◦C) proposed for B. undatum growth 
(Hollyman 2017). Bottom temperatures in the MAB are warmest during 
winter months and these warm temperatures experienced by this pop-
ulation could be expected to negatively affect whelk growth. 
This study estimates growth parameters for an unexploited whelk 
population which follows a different growth pattern than previously 
studies populations of B. undatum. Through the novel application of 
mixed-effects models, this study accounted for biological and environ-
mental influences on whelk growth. Further, the results herein demon-
strate that in absence of fishing pressure, whelk growth fluctuates in 
time; with MAB whelk population growth positively correlating with 
increasing annual bottom temperature over a 10-year period (between 
2009 and 2018). Further comparison of the biological characteristics of 
the unexploited MAB waved whelk stock to stocks elsewhere in the 
North Atlantic Ocean that have experienced fishing pressure for multiple 
decades can help illuminate the nature of fisheries influences on growth 
and maturation. 
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